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Introduction
During early embryonic development, the concerted activities of several molecular pathways, such as Chordin, BMP, Nodal, Wnt and FGF, are essential for the proper patterning of the three germ layers and to establish the dorso-ventral and anterior-posterior axes. (Dougan et al., 2003; Schier and Talbot, 2005; Schneider et al., 1996; Varga et al., 2007) . In Xenopus, the early visible sign of the dorsal axis is the formation of Spemann's organiser. In zebrafish (Danio rerio) the dorsal blastoderm region, which is called the shield, is similar to the organiser region in Xenopus. (Shih and Fraser, 1996) Recent analysis has revealed that dorsal fate determination during embryogenesis can be marked earlier by localisation of Nodal and Wnt pathway genes, even before the Spemann's organiser is formed. The localisation of squint mRNA, a Nodal pathway component, marks the future dorsal side of the embryo as early as the 4-cell stage in zebrafish (Gore et al., 2005) . At later 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.03.003 stages maternally expressed nuclear ß-Catenin has been shown to mark the future dorsal axis (Schneider et al., 1996) .
Xenopus and zebrafish have been extensively used as models to understand embryonic axis formation and germ layer development. In embryos of both of these species, the outermost epithelium helps to maintain the interior embryonic milieu. Analyses in Xenopus suggest that, similar to the germ layers, this epithelium is patterned along the dorso-ventral (DV) axis. The dorsal epithelium forms the ependymal layer in the neural tube and the cement gland, whereas ventral epithelium forms the epidermis (De Robertis and Kuroda, 2004; De Robertis et al., 2000; Sive and Bradley, 1996) . Fate mapping indicates that in zebrafish the EVL becomes fate restricted at late blastula stage and gives rise to the peridermal (i.e. outermost epidermal) cells of the embryo (Kimmel et al., 1990) . So far, it is not clear whether the zebrafish EVL exhibits any heterogeneity or patterning along the DV axis.
The dorsal axis in zebrafish is also characterised at late blastula stages by the presence of cells that exhibit higher endocytic activity. During gastrulation these cells do not involute and therefore are referred to as ''Non-involuting Endocytic Marginal (NEM) cells'' (Cooper and D'Amico, 1996) . At late blastula (i.e. 30-40% epiboly) the NEM cluster is composed of marginal EVL cells as well as deep cells. The deep NEM cells give rise to dorsal forerunner cells (DFC), which are the precursors of the laterality organ Kupffer's vesicle (Cooper and D'Amico, 1996) . Recently, detailed video-microscopy analysis has revealed that marginal EVL cells on the dorsal side, referred to as dorsal surface epithelial (DSE) cells, ingress to form DFCs under the influence of Nodal signalling (Oteiza et al., 2008) . These observations suggest that regional differences might exist in the EVL during early embryogenesis. However, there is no direct evidence for or against this notion, and to date it is not clear which genes play a role in the EVL patterning process.
Here, we have identified a transgenic reporter line, which for the first time unravels the intrinsic differences between dorsal and ventral EVL cells. Using this line, we show regional specification of an early dorsal population of cells that is fated to become a distinct dorsal tract of the periderm. This clearly shows developmental patterning of the EVL along the DV axis in the zebrafish. To our surprise, we found that while perturbation in the Nodal signalling leads to expansion of the dorsal domain, zygotic DV patterning cues at the level of ChordinBMP2b are dispensable for this patterning process. Furthermore, using the crestin promoter in a yeast-one-hybrid screen we have isolated genes -sox11b, sox19b, snail1a and maxwhich are involved in regulating this dorsal GFP domain and also involved in the axis formation. Thus, this transgenic line provides an early visible dorsal EVL marker and will serve as an excellent tool for assaying the effect of maternal genes involved in early embryonic patterning.
2.
Experimental procedures 2.1.
Generation of transgenic zebrafish
Briefly, a 1 kb miniCrestin promoter was amplified by PCR using zebrafish BAC zK245I2 as a template and cloned in front of the Gal4-VP16 open reading frame in the Gal4-VP16pA-14xUASEIb-EGFPpA vector (Kö ster and Fraser, 2001) . The plasmid was injected into the cell at the 1-cell stage along with Rad54 mRNA to obtain transgenesis (YYC and MH, unpublished) . Injected embryos were raised to adults and crossed to screen for transgenic progenies.
2.2.
Yeast-one hybrid screen
The target sites used in this assay were two fragments of a 5 0 promoter region of crestin from BAC zK245I2. Two fragments were cloned into the XhoI site upstream of the HIS3 reporter gene in the plasmid pYi2267OHIS (Blaiseau et al., 1997) . The reporter constructs were linearised and transformed into the yeast strain W303 (Blaiseau et al., 1997) . Stable reporter strains were selected on SD medium lacking Uracil. The Zebrafish library of cDNAs fused to the Gal4 activation domain at gastrulation stage was kindly provided by A.H. Meijer (IBL, Leiden University). The reporter strains were transformed with the hybrid expression library. Colonies with positive DNA-protein interaction were selected on SD mediumLeu-His + 10 mM 3-AT. The corresponding cDNA plasmids were extracted from yeast colonies, amplified in Escherichia coli, sequenced, and analysed by BLAST.
mRNA, morphlino injections and Nodal inhibitor treat ment
max, sox11b, sox19b, snail1a, pknox1.1, cyclops and squint (GenBank Accession Nos. BC066760, AJ237813, AB242332, NM_130908, NM_131006, NM_131891, NM_139133, and BC097 089, respectively), were cloned into a pCS2 + vector and linearised by NotI. mRNAs were synthesised using the mMessage mMachine kit (Ambion). Morpholinos were obtained from GeneTools. The morphlino sequences were as follows: chordin-ATCCACAGCAGCCCCTCCATCATCC (Nasevicius and Ekker, 2000) ; bmp2b-CGCGGACCACGGCGACCATGATC (Lele et al., 2001) ; max atg-ATATCATCGTTGTCGCTCATTCTTC; max splice-TCTGCCTGCAAAAAGAGAATCACAG; sox11b-CATGTTCAAACA CACTTTTCCCTCT (Veldman et al., 2007) ; sox19b-GTACATCATG CCACTTCTCGCTTTG; snail1a-GTCCACTCCAGTTACTTTCAGG-GAT (Yamashita et al., 2004) ; pknox1.1-TGGACACAGACTGGGCA GCCATCAT (Deflorian et al., 2004) ; cyc-GCGACTCCGAGCGTGTG CATGATG (Karlen and Rebagliati, 2001 ); oep-GCCAATAAACTC CAAAACAACTCGA (Feldman and Stemple, 2001 ). Heterozygous transgenic parents were outcrossed with WT zebrafish (Tu or Albino). mRNA and morpholinos were injected into the yolk at the 1-cell stage. The amount of injected mRNA was: 5 pg for sox19b, and pknox1.1; 20 pg for sox11b, max and snail1a; 0.2 pg for cyclops and squint. About 0.2 pmol of morpholinos were used for injection except for snail1a (0.1 pmol), cyc (0.4 pmol) and oep (0.4 pmol). Nodal inhibitor SB-431542 was added to E3 at the 1-cell stage at the final concentration of 100 lM from the stock of 100 mM in DMSO (Ho et al., 2006) . Embryos were pictured at 70-80% epiboly and at 1-somite-stage.
2.4.
Whole-mount in situ hybridization and immunohisto chemistry
The gal4 gene was amplified by PCR using the Gal4-VP16pA-14xUASEIb-EGFPpA vector as the template. cyclops, squint, sox11b, sox19a, snail1a, sox19b, and max were amplified by PCR from cDNA synthesised from gastrulation stage embryos. PCR products were sub-cloned into pCRII-TOPO vector (Invitrogen), digested with EcoRV or BamHI, transcribed by Sp6 or T7 RNA polymerase to generate the riboprobes. The hybridization was carried out as described with modifications (Nü sslein-Volhard and Dahm, 2002) . The procedure of GFP immuno-staining was carried out as described earlier (Sonawane et al., 2009 ). The primary anti-GFP antibody (Torrey Pines Biolabs) was used at a 1:400 dilution and the secondary anti-rabbit antibody conjugated with Alexa-488 (Invitrogen) was used at a 1:250 dilution.
2.5.
Classification of transgene expression and evaluation of GFP expansion or reduction phenotypes
We crossed a heterozygous transgenic fish with a WT fish. In every cross, the progeny showed some variation in the number of dorsal cells showing GFP. Therefore we classified embryos according to the number of GFP positive cells and the size of the transgene expression domain at the shield stage. In these crosses 50% of the embryos were GFP negative and were classified as C0. Embryos with less than 20 GFP positive cells restricted to the dorsal domain were classified as C1. Embryos with more than 20 GFP positive cells localised in the dorsal hemisphere were classified as C2. While the majority of the embryos showed C1 or C2 type expression, in a very few embryos GFP (less that 10%) positive cells were found not only in the dorsal hemisphere but also in the ventral hemisphere. These embryos were classified as C3 (Supplementary Fig. 7 ). The transgene expression in both mRNA and morpholino injected embryos was classified as described above. The numbers in each category were estimated from injected and control embryos and evaluated by a chi-square test with JMPÒ software (SAS Institute Inc., Cary, NC, USA).
Results

The miniCrestin promoter drives Gal4 mediated GFP expression in the dorsal EVL (dEVL) cells and the dorsal forerunner cells (DFCs)
The expression of crestin, a zebrafish specific gene, is specific to early neural crest cells (Luo et al., 2001 ). Due to its being associated with a transposable element, multiple copies of crestin are found throughout the zebrafish genome. In an attempt to analyse the expression of crestin in embryogenesis, we analysed its expression in development using transgenic analysis of its promoter. We found that a 1 kb fragment of the crestin promoter drives Gal4 mediated UAS:GFP expression at the blastula stage leading to specific and regionally restricted expression in the dorsal EVL cells and Kupffer's vesicles (Tg (miniCrestin:Gal4, UAS:GFP); Fig. 1A , B, and E). The specificity of the expression in a dorsally restricted, non neural crest, population of the early embryo was surprising given the known role for crestin in neural crest formation. Although we did not observe crestin expression at early developmental stages by in situ hybridisation, RT-PCR data indicated that the gene is expressed at very low levels during early embryogenesis ( Supplementary Fig. 1 ).
The timing and specificity of the transgene expression uncovered unknown regional patterning of the early embryo. A systematic analysis of GFP expression during the early phases of embryogenesis revealed that miniCrestin drives the expression of GFP as early as 30% epiboly marking the future dorsal side where the shield (i.e. the zebrafish equivalent of Spemann's organiser) will form at 50% epiboly ( Fig. 1C and  D) . Tracking the GFP-positive cells through early development revealed that this cell population represents the dorsal EVL (dEVL) (i.e. precursors of dorsal peridermal cells) and that the marginal cells of this GFP-positive dEVL domain ingress to form dorsal forerunner cells (DFCs) and subsequently Kupffer's vesicle (Fig. 1E, Fig. 2 ; Supplementary movie 1). To identify the earliest stage at which the promoter is active, we performed in situ hybridisation using a probe against gal4. This analysis reveals that transgenic expression begins early at the sphere stage (Fig. 1F) .
We conclude that Tg (miniCrestin:Gal4, UAS:GFP) exhibits specific GFP expression in the dorsal cells at sphere stage at 30% epiboly, which will give rise to dEVL and DFCs at subsequent stages. This suggests that there is existing molecular heterogeneity across the dorso-ventral axis within the EVL that is regulating transgene expression.
3.2.
Specification of the dorsal EVL domain and DFC formation is independent of Chordin/BMP2, but relies on Nodal signalling
Our transgenic line revealed heterogeneity in the EVL and indicated that the EVL is patterned along the DV axis. Since Chordin and BMP2 are important zygotic regulators of embryonic DV patterning, we asked whether patterning of the EVL, as visualised by miniCrestin-driven GFP expression, is regulated by Chordin and BMP signalling. To test this, we perturbed the expression of Chordin and BMP2b using antisense morpholinos targeted against translation start site ( Lele et al., 2001; Nasevicius and Ekker, 2000) . Chordin deficient embryos exhibited ventralisation phenotypes, however they did not alter the extent of the dEVL domain ( Fig. 3D-F) . Furthermore, Kupffer's vesicle formed normally, indicating that the dorsal forerunner cells were specified from the dEVL margin (Fig. 3F) . Similarly, injections of bmp2b antisense morpholinos resulted in dorsalisation but did not alter either the dEVL domain or the formation of the DFCs/Kupffer's vesicle (Fig. 3G-I) .
Nodal related genes, ndr2/cyclops (cyc) and ndr1/squint (sqt), function in patterning the organiser and have been shown to be expressed in the restricted dorsal domain at blastula stages (Rebagliati et al., 1998) . This expression domain is very similar to the Gal4 expression domain driven by the miniCrestin promoter (Fig. 1F) . Furthermore, over-expression of ndr2 (cyc) or deficiency of egf-cfc (one-eyed pinhead/oep), which modulates Nodal signalling, has been shown to expand or decrease the DFC population, respectively (Oteiza et al., 2008) . We asked whether Nodal signalling plays any role in regulating the miniCrestin transgene expression and defining the dEVL. To test the effect of cyc over-expression on the dEVL, we injected cyc mRNA in zebrafish embryos at the one cell stage. Our analysis shows that the over-expression of ndr2/ cyc resulted in the expansion of the dEVL concomitant to ectopic DFC formation (Fig. 3J-L) . Similarly, ndr1/sqt over-expression also resulted in the expansion of the dEVL as well as the DFC pool ( Fig. 3M-O) . The loss of function scenario for cyc and oep -either by morpholino injections (Feldman and Stemple, 2001; Karlen and Rebagliati, 2001) or by treatment with the Nodal inhibitor SB-431542 (Ho et al., 2006 ) -is intriguing. The morpholino injections lead to the expansion of the dorsal GFP domain whereas the drug treatment does not have any effect on dEVL ( Supplementary Fig. 2E and F) . Despite the increase in dEVL, under both gain and morpholino-loss of function scenario, the effect on Kupffer's vesicle is not the same. While in cyc morphant there is no effect on Kupffer's vesicle, the vesicle is absent (data not shown) in oep morphants as shown before (Oteiza et al., 2008) and in SB-431542 treated embryos (Supplementary Fig. 2G and H) .
Thus, it appears that expansion of dEVL has no direct effect on the development of DFCs and Kupffer's vesicle. We conclude that Chordin-BMP signalling is dispensable for defining the dEVL domain. DV patterning of the EVL, however, is sensitive to the Nodal signalling.
3.3.
A yeast one-hybrid screen identifies factors that interact with the miniCrestin promoter and regulate regional identity of the dEVL
The miniCrestin promoter specifically drives Gal4-mediated expression of GFP in the dorsal EVL. We found that even in transient analysis, this 1 kb promoter as well as an internal shorter 400 bp promoter fragment, has a bias (10% of the injected embryos, n = 144) towards driving GFP expression in dorsal EVL and dorsal peridermal cells ( Supplementary  Fig. 3 ). This observation indicated that the specificity of expression is mostly imparted by the promoter sequence and is independent of the genomic integration site. We reasoned that, in absence of some of the crucial regulatory sequences, this 1 kb or 400 bp fragment cannot drive expression in the neural crest but acquires the ability to drive expression specifically in the dorsal EVL. The specificity of the 400 bp fragment was surprising. Given the small size and specificity in driving expression in the dorsal periderm, the 400 bp fragment was used as bait in a yeast-1-hybrid screen to identify factors that regulate the transgene expression and hence might function in dorsal patterning during early embryogenesis. In a complementary screen, we also used a more distal 400 bp fragment of the original promoter to cover the extent of the miniCrestin promoter.
Our screen resulted in identification of 469 interactions (Supplementary Table 1 ) of which Sox11b, Sox19a, Sox19b, Pknox1.1, Snail1a and Max interactions were observed repeatedly (Table 1) . Several putative false positive interactions, i.e. arising from proteins such as ribosomal proteins, RNA binding proteins, histones, etc. which are known to interact with DNA non-specifically, were not considered for further analysis (Ouwerkerk and Meijer, 2001) . Expression analysis further revealed that sox11b, sox19b and max are expressed during early embryogenesis at the 1-cell stage indicating that the transcripts of all three genes are maternally contributed (Fig. 4A-C) . Similarly, snail1a and pknox1.1/prep1.1 have also been shown to be expressed maternally (Deflorian et al., 2004; Hammerschmidt and Nusslein-Volhard, 1993 ). We did not observe any maternal contribution of sox19a transcripts (data not shown). The ubiquitous zygotic expression of sox11b, sox19b and max genes were also observed after the mid-blastula transition (MBT) at the sphere stage. At 1 dpf all four genes are expressed in the CNS (Fig. 4A-C , data not shown). Amongst the remaining two genes, pknox1.1 is expressed in a ubiquitous manner whereas snail1a is expressed maternally followed by a more localised zygotic expression in the dorsal marginal blastomeres at the dome stage and in the mesoderm in the gastrulating embryos (Blanco et al., 2007; Deflorian et al., 2004; Thisse et al., 2001) . To analyse the function of these genes during zebrafish development, we perturbed their expression levels by mRNA injections or morpholino-mediated knockdown. We over-expressed sox11b, and sox19b by injecting mRNA at the 1-cell stage. The mRNA injections resulted in significant expansion of the GFP positive dEVL compared to un-injected control embryos (Fig. 4D-F In control embryos at the shield stage (D) GFP expression is restricted to the dorsal domain. This domain is expanded in sox11b (E), sox19b (F) over-expressing and max deficient (G) embryos. The over-expression of max (H) represses transgene expression in the dEVL. Similar to max, snail1a deficient embryos exhibit expansion (I) whereas over-expressing snail1a embryos (J) show reduction in the dEVL domain. The dEVL remains expanded in cyc and max mRNA co-injected embryos (K) indicating that Nodal signalling is sufficient to regulate dEVL formation.
dEVL phenotype. We reasoned that morpholino-mediated knockdown might not show an effect for sox11b and sox19b due to redundant functioning of sox genes in zebrafish (Martino et al., 2000; Navratilova et al., 2010; Okuda et al., 2006) . Indeed, recently it has been shown by quadruple knockdown analysis that B1-type sox genes 19a/19b act redundantly with sox2/3 during early development (Okuda et al., 2010) . Alternatively, it is possible that Sox proteins are contributed maternally and it may not be possible to observe the effect of morpholino-mediated knockdown at early stages.
We further asked what might be the effects of perturbing max, snail1a and pknox1.1 expression levels on the formation of the dEVL. We used two morpholinos to knock down the function of max: an ATG start site morpholino, which would attenuate the translation of maternal as well as zygotic mRNA, and a GT splice donor site morpholino which would affect only the splicing of zygotically produced mRNA. In both morpholinos, the knockdown of max resulted in a specific expansion of the GFP positive dEVL domain in comparison to un-injected controls (Fig. 4G , Table 2 ; X 2 test p 6 0.05). Cloning of the RT-PCR product, followed by sequencing of the clones further confirmed that the splice donor site morpholino was effective in inhibiting the splicing ( Supplementary Fig. 4 ) On the other hand over-expression of max by mRNA injections led to the loss of, or considerable decrease in, the GFP positive dEVL domain (Fig. 4H , Table 2 , X 2 test p 6 0.05). Similarly, we observed consistent expansion and reduction of the dEVL in snail1a-deficient and over-expressing embryos, respectively ( Fig. 4I and J, Table 2 , X 2 test p 6 0.05). Over-expression of pknox1.1 however did not have any effect on the dEVL domain (Table 2 ). Our data indicate that max and snail1a play inhibitory roles in regulating specification of the dEVL domain.
Neither the over-expression of sox genes, nor the knockdown of max gene function, which leads to expansion of the dEVL, resulted in an increase in the DFC pool as in embryos over-expressing ndr2/cyc (data not shown). Moreover, in embryos with max over-expression, which led to the loss of the dEVL, Kupffer's vesicles formed normally as judged by morphological analysis. Furthermore, co-injection of max and ndr2/cyclops mRNA revealed that both the dEVL and the DFC populations remained expanded in these embryos, resembling a ndr2/cyclops over-expression phenotype (Fig. 4K) . This analysis indicates that max over-expression does not antagonise the ndr2/cyc-mediated expansion of the dEVL and the DFCs.
We also asked whether the effect of over-expression of sox11b and sox19b is restricted to EVL patterning or whether axis formation in general is perturbed. Interestingly, over-expression of both sox11b and sox19b resulted in cyclopic zebrafish larvae resembling the phenotypes of Nodal pathway mutants cyclops, squint and one-eyed pinhead ( Supplementary  Fig. 5A-C) . In these embryos, in situ expression analysis of chordin, dlx3b and ntl revealed that axis formation is grossly perturbed which might be happening through the effect on convergent extension. (Supplementary Fig. 5D-F) . We further analysed the expression of ndr2/cyc in sox11b and sox19b over-expressing embryos to test whether the sox genes act upstream of the Nodal signalling pathway during embryogenesis. Interestingly, we found that in sox11b and sox19b overexpressing embryos ndr2/cyclops expression was considerably down-regulated at gastrula and 80% epiboly stages (Supplementary Fig. 5G ). These data indicate that sox11b and sox19b act upstream of Nodal signalling to regulate the formation of the embryonic axis.
We conclude that the two sox genes, snail1a and max genes play an important role in regulating dEVL domain marked by crestin driven GFP. However, they do not have any function in the formation of dorsal forerunner cells. We further conclude that the genes isolated in the yeast-one-hybrid screen are not only involved in the regulation of EVL patterning but also play a crucial role in embryonic axis formation. Thus, EVL patterning might be linked to the overall embryonic patterning through the functioning of the two sox genes.
Discussion
In this study, we have used a zebrafish transgenic line -in which GFP expression is driven by a crestin promoter -to unravel the regional differences in the EVL across the dorso-ventral axis. Our analyses indicate that specification of the dorsal EVL (dEVL) in zebrafish is not regulated by Chordin or BMP signalling. This is in contrast to Xenopus wherein formation of the cement gland, a derivative of the dorsal embryonic epithelium, is dependent on Chordin-BMP levels (Sive and Bradley, 1996) . Thus, in zebrafish, dEVL patterning is uncoupled from the DV patterning of the other germ layers. This is consistent with the notion that distinct molecular mechanisms direct development of homologous lineages such as the EVL/embryonic epithelium in different vertebrates (Sagerstrom et al., 2005) . However, this divergence in specification mechanisms seems to be less distinct in early developmental signalling. For example, the role of Nodal signalling in the dorsal epithelium seems to be conserved in Xenopus and zebrafish even if downstream roles of Chordin and BMP2 differ. We have taken a yeast one-hybrid approach to identify additional genes that might function in regulating dEVL patterning. Such an experimental approach has the advantage of identifying maternally expressed transcription factors having functions during early embryogenesis that may not be easily identifiable in a conventional forward mutagenesis screen. We isolated and characterised four genes in our yeast-one-hybrid screen, viz. sox11b, sox19b, max and snail1a. The Sox proteins are a family of transcription factors possessing a subtype of a high mobility group (HMG) domain. While the function of sox11 has been shown to be essential for tissue remodelling and survival in mouse, the functions of sox19 in development and embryogenesis have remained unknown until very recently. Two paralogues of sox11 and sox19 exist in zebrafish (Martino et al., 2000; Navratilova et al., 2010; Okuda et al., 2006) . Both sox11b and sox19b are expressed maternally as well as after the mid-blastula transition (Martino et al., 2000; Navratilova et al., 2010; Okuda et al., 2006) . Recently, it has been shown that in zebrafish sox19 paralogues act redundantly with other B1-type sox genes (i.e. sox2 and sox3) to regulate axis formation by controlling dorso-ventral patterning, gastrulation movements, neuronal differentiation and neural patterning (Okuda et al., 2010) . Previous data in Xenopus and zebrafish obtained by abrogating Sox function using an antibody have suggested a role for sox3 in regulating germ layer formation by disrupting gastrulation movements (Zhang et al., 2004) . Both these reports suggest a possible link of Sox proteins with the expression of Nodal signalling components. Our studies here demonstrate that sox genes regulate Nodal signalling, further corroborating these earlier reports. We find that sox11 and sox19 over-expression leads to a phenotype that is similar to Nodal pathway component mutants cyclops, squint and one eyed pinhead. Our data indicate that sox genes play a crucial role in embryonic axis formation presumably by altering the function of the Nodal pathway. Furthermore, our over-expression analyses indicate that these sox genes play permissive roles in regulating the dEVL, since their expression is sufficient to expand the miniCrestin promoter-driven GFP expression domain.
Max, another DNA binding protein that we identified in the screen, contains basic helix-loop-helix zipper (bHLHZ) motifs, and interacts with Myc, Mad and Max interacting proteins, to regulate the processes such as growth and differentiation during development (Amati and Land, 1994) . The knockout of max in mouse is indicative of its important role in survival, since the max knockout results in the arrest of embryonic as well as extra-embryonic tissues at early post-implantation stage (Shen-Li et al., 2000) . Here, we have shown a novel function of max in regulating the DV patterning of EVL by restricting the dEVL formation. Similar to max, snail1a also exhibits a repressive activity during dEVL formation. The role of snail is well known in regulating epithelial to mesenchymal transition in metastasis and during development. During development, both of the snail1 paralogs have been implicated in anterior migration of the axial mesendoderm during zebrafish embryogenesis (Blanco et al., 2007) . Here, we have shown that snail1a also functions as a repressor of the dorsal domain in the EVL.
How do these three sox genes, max and snail1a act in concert to regulate EVL patterning? We find that sox, snail1a and max expression is ubiquitous during early embryogenesis and cannot explain the specific regulation of the Tg (miniCrestin:Gal4, UAS:GFP) in the dorsal domain. Moreover, overexpression of the two sox genes or knockdown of the max and snail1a did not expand the GFP domain ectopically in the deep cells, which also possess the reporter gene. We propose that Sox, Max and Snail1a proteins do not act by imparting spatial information, but rather their functions are permissive or restrictive to regional inductive signals. These instructive signals would be active in a localised manner along the DV axis so as to provide regional specificity. We further hypothesise that there exists at least two sets of proteins: one present in the ventral EVL, which along with Max, maintains the ventral domain by restricting the dEVL to the dorsal side; and the second one on the dorsal side that, along with the two Sox proteins, plays a permissive role in the dEVL formation (Fig. 5) . On the dorsal side, ß-catenin is one of the most promising candidates for providing the positional specificity. ß-catenin exhibits nuclear accumulation in dEVL cells (Schneider et al., 1996) . Furthermore, over-expression of ß-catenin also leads to an expansion of the dEVL (Supplementary Fig. 6 ). This preliminary evidence is in agreement with our hypothesis. Further experiments, however, are necessary to obtain direct evidence in support of this hypothesis. Over-expression of ndr2/cyc, a secreted ligand of Nodal signalling, also leads to the expansion of the dEVL. In fact, it overrides the inhibition of dEVL formation mediated via over-expression of max. These data suggest that Nodal signalling provides the cues to antagonise, or override, the activities of Max and other interacting proteins. However, how Nodal signalling actually acts in this process remains an enigma. The observationthat both the loss and gain of Nodal signalling having similar expansion phenotype and the Nodal inhibitor treatment having no effect further adds to the complexity. Further analysis is needed to understand how Nodal signalling functions and Fig. 5 -A schematic summarising a proposed mechanism for the function of sox11b, sox19b, snail1a and max genes in EVL patterning and axis formation. The sox genes play a permissive role whereas max and snail1a play restrictive roles in regulating EVL patterning. We propose that maternally ubiquitously expressed sox, snail1a and max genes generate regional specificity by interacting with spatially localised cues such as nuclear beta-Catenin along the DV axis.
what is the extent of redundancy involved in the pathway components in generating the DV polarity in the EVL.
The expansion of the dEVL or its decrease under various genetic conditions that we employed does not ensure the increase or decrease in the DFCs or their ectopic formation along the blastoderm margin. These observations indicate that an instructive cue, possibly coming from the deep layer cells is essential for the formation of DFCs from the dEVL margin. In contrast to sox, snail1a and max, over-expression of ndr2/cyclops is sufficient to expand the dEVL as well as formation of ectopic DFCs along the blastoderm margin. The deep cells on the dorsal side, just below the dEVL, express ndr2/cyclops, which is a short range signalling molecule (Chen and Schier, 2001 ) and thus qualifies as a good candidate in providing such an instructive cue. However, further experiments are essential to test this notion.
In summary, based on the analysis of the miniCrestin transgenic line, we suggest that the zebrafish EVL, the outermost protective epithelium in embryos, is patterned along the dorso-ventral axis. We have identified the function of Nodal ligands and a novel module consisting of sox11b, sox19b, snail1a and max genes in generating molecular heterogeneity within EVL along the dorso-ventral axis in zebrafish. While the functions of sox11b and sox19b may play a permissive role, max and snail1a play restrictive roles in the formation of dEVL. We hypothesise that these genes act together with the spatially localised cues in the embryo to generate the pattern along the DV axis. Our analyses warrants further identification and investigation of intrinsic factors that may be expressed in EVL in a polarised manner and are involved in dorso-ventral patterning of the EVL.
